INTRODUCTION
Wettability-patterned substrates, in which the hydrophilic surface of the substrates is coated with a hydrophobic sheet of self-assembled monolayers of silane coupling agents to afford patterns with different surface free energies, have attracted much attention for the fabrication of patterned thin solar cells, light-emitting devices, and field effect transistors in organic electronics and photonics 1, 2 .
Photolithography 3 5 , soft lithography 6 9 , scanning probe lithography 10 12 , and self-assembly 13 16 have been utilized for the patterning of self-assembled monolayers at micro and nanometer scales to form wettability-patterned substrates. For the fabrication of organic electronic and photonic devices, organic semiconductor films are formed selectively on surfaces with low surface free energy, through dry or wet processes, with reduced material consumption and few fabrication steps. Patterning of graphene and carbon nanotubes as well as organic semiconductors was performed by using vacuum deposition and spin-coating techniques, respectively 17 19 , to obtain wettability-patterned surfaces. A potential drawback in the development of cohesive films on wettability-patterned substrates by spin-coating and dip-coating techniques, categorized as wet processes, is the substantial material consumption.
We have reported the soft liquid-phase adsorption SLPA technique utilizing methanol/hexane or toluene/ water emulsions for the fabrication of cohesive films with minimized material consumption and without the use of film-forming machines. In the case of methanol/hexane emulsions, the functional materials are dissolved in methanol 20, 21 . Methanol droplets are adsorbed selectively on the hydrophilic surface to yield wettability-patterned substrates. After adsorption of the methanol droplets and withdrawal of the samples from the emulsion, methanol evaporates spontaneously, resulting in the formation of films at the surface of wettability-patterned substrates. The film thickness and shape can be controlled by adjusting the fabrication conditions and mask shapes. We have reported the formation of fluorescent and pH-responsive films using the SLPA technique on wettability-patterned substrates. In particular, precise control of the film thickness for organic semiconductor films is important for the production of organic electronic and photonic devices. In this study, we aim at controlling the thickness of organic semiconductor films coated on wettability-patterned surfaces using toluene/water emulsions. Wettabilitypatterned surfaces were generated by a UV-ozone treatment through a metal mask for the selective removal of Abstract: We report a soft liquid-phase adsorption (SLPA) technique for the fabrication of organic semiconductor films on wettability-patterned substrates using toluene/water emulsions. Wettabilitypatterned substrates were obtained by the UV-ozone treatment of self-assembled monolayers of silane coupling agents on glass plates using a metal mask. Organic semiconductor polymer films were formed selectively on the hydrophobic part of the wettability-patterned substrates. The thickness of the films fabricated by the SLPA technique is significantly larger than that of the films fabricated by dip-coating and spin-coating techniques. The film thickness can be controlled by adjusting the volume ratio of toluene to water, immersion angle, immersion temperature, and immersion time. The SLPA technique allows for the direct production of organic semiconductor films on wettability-patterned substrates with minimized material consumption and reduced number of fabrication steps.
Key words: emulsion, liquid phase adsorption, wettability-patterned surface, organic semiconductor self-assembled monolayers. The films fabricated by the SLPA technique were compared with those fabricated by dip-coating and spin-coating techniques. The amount of organic semiconductors adsorbed on the substrates was controlled by adjusting the toluene-to-water volume ratio, immersion angle, immersion temperature, and immersion time. Samples were characterized mainly by optical microscopy, laser microscopy, and UV-Vis absorption spectroscopy.
EXPERIMENTAL PROCEDURES

Materials
Poly 2-methoxy-5-3 ,7 -dimethyloctyloxy -1,4-phenylenevinylene MDMO-PPV and Rhodamine B were obtained from Aldrich and Wako, respectively. Hexamethyldisilazane HMDS , used for modification of the substrates, was purchased from Aldrich. Toluene, used for preparing emulsions, was purchased from Dojindo laboratory. Acetone and chloroform, used for cleaning the substrates, were obtained from Wako.
Fabrication of wettability-patterned substrates
Glass plates with a width of 1 cm and a length of 3 cm or 1 cm were rinsed in acetone, under ultrasonication for 20 min, and then in chloroform for the subsequent 20 min. UV-ozone treatments of the glass plates were performed for 15 min using a PL 16-110 UV-ozone cleaner Sen Lights Corp., Japan . The glass plates were immersed overnight in HMDS to form HMDS monolayers. After rinsing with water, the glass plates were dried at 110 for 30 min. The glass plates were exposed to a UV-ozone atmosphere through a metal mask to selectively remove the HMDS monolayers, resulting in the formation of wettability-patterned substrates consisting of a hydrophilic region at the glass plate surface, surrounded by the hydrophobic region of HMDS monolayers Fig. 1a and 1b . Transmission electron microscopy grids made from Cu were used as metallic masks STEM 150 Cu, Okenshoji Co., Ltd. , which were placed at the center of the glass plates modified with HMDS monolayers.
2.3
Patterning of MDMO-PPV films using toluene/water emulsions A toluene solution of MDMO-PPV was added to water, and then, the phase-separated toluene/water mixture was ultrasonicated for 30-60 s to form toluene/water emulsions. Ultrasonication was carried out at an oscillating frequency of 38 kHz and at an output power of 180 W using Langevin piezo -type transducers of a US-SKS ultrasonic cleaner SND Co. Ltd., Japan . The wettability-patterned substrates were immersed in the toluene/water emulsions for 1 h, immediately after preparation, to selectively fabricate MDMO-PPV films on the hydrophobic region of the wettability-patterned substrates Fig. 1c and 1d . Thereafter, the samples were washed with pure water. Dip-coating and spin-coating were performed under optimized conditions at a withdrawal speed of 5 mm min 1 and a rotational speed of 1000 rpm. The concentration of the MDMO-PPV solution in toluene was adjusted at 0.015 wt 0.086 mg mL 1 , which was equal to the amount of MDMO-PPV per unit volume 1 mL of emulsion prepared at a toluene solution concentration of 1.5 wt and the volume ratio of toluene/water of 1/99.
Characterization
Visible absorption spectroscopy was carried out on a V-560 spectrometer JASCO, Japan . Optical microscopy and fluorescent microscopy observations were performed using a BX-60 microscope Olympus, Japan . A high-pressure mercury lamp was used as the UV light source for excitation. The band-pass filter set at 500 nm was used for fluorescence microscopy measurements of the patterned MDMO-PPV films. Laser microscope observations were carried out using a VK-9710 microscope KEYENCE, Japan .
RESULTS
We prepared toluene/water emulsions by adding a toluene solution of MDMO-PPV to water, followed by ultrasonication, to fabricate organic semiconductor films on the hydrophobic region of the wettability-patterned substrates. Figure 2a shows the absorption and fluorescence spectra of a toluene solution of MDMO-PPV. Absorption and luminescence peaks appear at 490 nm and 560 nm, respectively. Figure 2b shows a photograph of a toluene/water emulsion prepared by adding a toluene solution of MDMO-PPV to water, followed by ultrasonication. Orange-colored emulsions were formed, and the size of the toluene droplets was estimated to be on the order of several micrometers by dynamic light scattering 22 . The emulsions were stable for several hours, which indicated that the emulsions could be used for the fabrication of MDMO-PPV films on the wettability-patterned substrates. We developed MDMO-PPV films on wettability-patterned substrates using the toluene/water emulsions. Figure 3 shows a the optical microscopy image, b laser microscope image, and c profile of the MDMO-PPV films obtained by the SLPA technique using a toluene/water emulsion prepared by adding 1 wt of the toluene solution of MDMO-PPV in water at a volume percent of 1 vol . The MDMO-PPV films were formed selectively on the HMDS monolayers, i.e., the hydrophobic parts of the wettabilitypatterned substrates. This could be explained by the fact that MDMO-PPV is hydrophobic. The laser microscope image and profile suggested that the thickness of the MD-MO-PPV film is about 200 nm. These results demonstrated that the SLPA technique enables the direct production of MDMO-PPV films on wettability-patterned substrates.
We developed MDMO-PPV films on wettability-patterned substrates using SLPA, dip-coating, and spin-coating techniques. Figure 4 shows the absorption spectra of the MD-MO-PPV films obtained by SLPA, dip-coating, and spincoating techniques with an emulsion or solution of MDMO-PPV at a concentration of 0.086 mg mL 1 . The absorption band of the MDMO-PPV films fabricated by the SLPA technique was 30 times larger than that of the MDMO-PPV films produced by spin-coating and dip-coating techniques. Flat homogenous surfaces of the MDMO-PPV films were evident, as shown in Fig. 3a and 3b . However, inhomogeneous MDMO-PPV films were formed by spin-coating and dip-coating techniques due to the centrifugal or gravity force. These results demonstrated that the thickness of the MDMO-PPV film obtained by the SLPA technique is significantly larger than that of the MDMO-PPV films fabricated by spin-coating and dip-coating techniques, indicating reduced material consumption in the former case. We developed MDMO-PPV films on wettability-patterned surfaces by varying the volume ratio of toluene to water in order to control the film thickness. Figure 5 shows left optical microscopy and right fluorescence microscopy images of the MDMO-PPV films generated on wettabilitypatterned substrates with 1.5 wt toluene solution of MD-MO-PPV and with the following volume percentages of toluene in the toluene/water mixtures: a 2 vol , b 1.5 vol , and c 1.0 vol . An increase in the volume ratio of toluene causes an increase in the color intensity of the MDMO-PPV films, indicating that the adsorbed amount of MDMO-PPV on the substrates increases with the volume ratio. In addition, an increase in the concentration of MD-MO-PPV in toluene led to an increase in the adsorbed amount of MDMO-PPV on the wettability-patterned surfaces data not shown . These results demonstrate that the adsorbed amount of MDMO-PPV on the substrates can be controlled by adjusting the concentration of MDMO-PPV in toluene and the volume ratio of toluene to water. Fluorescence images show that green fluorescence is emitted from the MDMO-PPV films, which indicates that these films could serve as emitting devices.
We have reported that the thickness of Rhodamine B films fabricated using the SLPA technique on wettabilitypatterned substrates depends on the immersion angles of the substrates in a methanol/hexane emulsion 21 . This can be explained by considering that the size of methanol droplets is on the order of several micrometers and that the diffusion coefficient is small. Because of these features, the droplets tend to move downward in the emulsion, especially when the size of the droplets exceeds a certain critical value. This tendency facilitates the adsorption of the droplets on the substrate positioned at the bottom of the vessel. We obtained MDMO-PPV films on wettabilitypatterned substrates by varying the immersion angle of the wettability-patterned substrates in the toluene/water emulsions. Figure 6 shows the UV-Vis absorption spectra of the MDMO-PPV films fabricated on quartz plates by modifying the immersion angle θ to the surface of the emulsions, from 0 to 90 . The absorbance of MDMO-PPV decreased with an increase in the immersion angle. The density of toluene is smaller than that of water, and the size of the toluene droplets is estimated to be about several micrometers in the emulsions 22 , resulting in the small diffusion coefficient .
of toluene droplets 23, 24 . Because of these features, the toluene droplets tend to move upward in the emulsion. This tendency causes the adsorption of the droplets on the substrate positioned at the surface of the emulsion. The collision probability of the droplets to the substrate and the kinetic energy of the colliding droplets decrease with a reduction in cos θ. The absence of adsorbed films at an angle of 90 can be explained by this effect. In the case of methanol/hexane emulsions, the absorbance of the films produced by immersing the MDMO-PPV films in emulsion with 30 , 60 , and 90 angles is almost the same, indicating that adsorbed methanol droplets have reached the equilibrium state. In the case of toluene/water emulsions, the absorbance of the films increases with a decrease in the immersion angle. The 90 immersion angle gives a maximum absorbance. This may be explained by considering that the amount of toluene droplets adsorbed on the hydrophobic surface depends on the collision frequency of the toluene droplets with the substrate surface because of the higher viscosity of water continuous phase compared with that of the hexane phase in methanol/hexane emulsions. The thickness of the Rhodamine B films increased with a decrease in the immersion temperature 21 . This is explained by considering that a decrease in temperature leads to an increase in the contact angle and the amount of adsorbed methanol droplets. We obtained MDMO-PPV films on wettability-patterned surfaces by varying the immersion temperature and time. Figure 7 shows the UV-Vis absorption spectra of the MDMO-PPV films on wettability-patterned substrates immersed in the toluene/water emulsions at a 20 and b 5 . The absorbance is saturated at an immersion time of 120 min. A decrease in the immersion temperature leads to an increase in the saturated absorbance of the MDMO-PPV films, implying an increase in the adsorbed amount of MDMO-PPV on the substrates.
CONCLUSION
We herein demonstrate the efficiency of the SLPA technique for fabricating MDMO-PPV films on wettability-patterned substrates using toluene/water emulsions. The toluene/water emulsions were obtained by ultrasonicating mixtures of water and MDMO-PPV solutions in toluene. Uniform MDMO-PPV films were formed on wettability-patterned substrates, whereas spin-coating and dip-coating techniques generated inhomogeneous films. The thickness of the MDMO-PPV films is larger than that of the films produced by other conventional techniques. Fluorescence microscopy shows that the MDMO-PPV films can serve as emitting devices. The absorbed amount of MDMO-PPV on the substrates can be precisely controlled by adjusting the volume ratio of toluene to water, immersion angle, immersion temperature, and immersion time.
The SLPA technique enables the direct fabrication of uniform films consisting of organic semiconductors on wettability-patterned substrates with minimized material consumption and few fabrication steps. This technique has promising high-performance applications, for the future, in the production of single-/polycrystal films consisting of organic molecules for organic field-effect transistors, thin film solar cells, and light-emitting devices. Using inorganic solutions as processable materials for the patterning of films allows for the fabrication of sensors, displays, and emitting devices with long operation lifetime and excellent resistance to oxidation, photodecomposition, and heat decomposition in photonics and electronics.
